This study seeks to better quantify the parameters that drove the evolution of flight from non-12 volant winged dinosaurs to modern birds. In order to explore this issue, we used fossil data to 13 model the feathered forelimb of Caudipteryx, the most basal non-volant maniraptoran dinosaur 14 with elongate pennaceous feathers that could be described as forming proto-wings. In order to 15 quantify the limiting flight factors, we created three hypothetical wing profiles for Caudipteryx 16 representing incrementally larger wingspans, which we compared to the actual wing morphology 17 as what revealed through fossils. These four models were analyzed under varying air speed, wing 18 beat amplitude, and wing beat frequency to determine lift, thrust potential and metabolic 19 requirements. We tested these models using theoretical equations in order to mathematically 20 describe the evolutionary changes observed during the evolution of modern birds from a winged 21 terrestrial theropod like Caudipteryx. Caudipteryx could not fly, but this research indicates that 22 with a large enough wing span Caudipteryx-like animal could have flown, the morphology of the 23 shoulder girdle would not actually accommodate the necessary flapping angle and metabolic 24 demands would be much too high to be functional. The results of these analyses mathematically 25 confirm that during the evolution of energetically efficient powered flight in derived maniraptorans, 26 body weight had to decrease and wing area/wing profile needed to increase together with the 27 flapping angle and surface area for the attachment of the flight muscles. This study quantifies the 28 morphological changes that we observe in the pennaraptoran fossil record in the overall decrease 29 in body size in paravians, the increased wing surface area in Archaeopteryx relative to Caudipteryx, 30 and changes observed in the morphology of the thoracic girdle, namely the orientation of the 31 glenoid and the enlargement of the sternum. 32 33 Introduction 34
(the value is fixed for airfoil in each situation along the wing), α′ is the flow's relative angle of 91 attack at the ¾ chord (Fig 2) , it's given by 
where δθ is the dynamically varying pitch angle (Fig 2) where dL and dT are the instantaneous lift and thrust of the element, respectively. To integrate 134 along the wingspan and to get whole wing's instantaneous lift and thrust, for wings, it is given by
where l is the wing span length. The average of the lift and thrust can be obtained via integrating 
power against the forces, it is represented for attached flow by
where ac dM is the element's pitching moment about its aerodynamic center and a dM is 143 composed of apparent chamber and apparent inertia moments are given respectively as follows 128
where mac C is the coefficient of airfoil moment about its aerodynamic center. The 147 instantaneously required power, ( ) input P t , for a whole wing is derived below
Then the average input power in a cycle is found from velocity generates an increase in lift (Fig 4 and S9 Fig) . Table S1 in Supplementary Materials) shall have large 249 enough wingspan more than that of type C to keep balance between lift force and their body weight.
250
In order to take off to overcome gravity, sustain flapping flight and maintain lift forces to to make this form of locomotion inefficient. However, this can be obviated by reducing the cost 265 of flapping flight with an overall reduction in body weight.
266
Observations from fossils suggest that this was achieved both through a reduction in overall 267 body size and by the evolution of additional pneumaticity and thinner bone cortices.
268
Morphological changes of the skeleton such as the reduction of tail, and modification of numerous 269 biological systems such as the loss of the right ovary and evolution of a highly efficient digestive 270 system. This ultimately produced a body shape that was well adapted to spindle shaped, generating 271 less resistance (drag force) during flight (Fig 3) [25, 40, 41] . Therefore, it is important for efficient 272 flight to decrease body mass and to increase musculature, wing profile, aspect ratio, flapping angle 273 in the evolution from non-volant maniraptoran dinosaur to modern birds. 
418
To compare any element along the wingspan of Caudipteryx and capture the properties of each 419 segment, the insignificant values of lift and thrust of ten elements for the given parameters were 420 deduced supposing the wing beat was one in a cycle. Lift from elements 4 to 9 and thrust from 421 elements 2 to 9 considering distance to the wing root are meaningful but the wing tip (element 10) 422 has insignificant value. 
445
In bottom surface, the value of pressure is higher than that in the top surface. This creates lift force.
446
Therefore, for different flapping angle, the gradient of pressure must be positive to generate lift. 
